Abstract: Bonded copper interconnects were stressed with current to measure the specific contact resistance. For bonded copper interconnects without a pre-bonding HCl clean, the corresponding specific contact resistance did not change while increasing the stress current. However, for some interconnects with the pre-bonding HCl clean, an abnormal contact resistance reduction was observed during the increase of the stress current. The rise of temperature at the bonding interface area due to Joule heating under high current density may have caused the decrease of contact resistance. This behavior may be one option for quality enhancement in 3-D integration at low temperature.
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The quality of bonded Cu interconnects is crucial to achieve optimum circuit performance while three-dimensional integration (3-D) using copper interconnect bonding is an attractive candidate for future IC technologies [1] [2] [3] [4] . In addition, the low bonding temperature is an important goal in order to meet the requirements of various device applications. Ref. 5 reports on the measurement of the specific contact resistances of the bonding interfaces with different interconnect sizes. In this letter, the current stressing was carried out to examine the stability of the contact resistance of the bonded interconnects. The excellent stability of specific contact resistances suggests that the microstructure of the bonded Cu interconnects has reached a stable state. However, for some test structures cleaned by a pre-bonding HCl clean, an abnormal decrease of specific contact resistances was observed when the current was increased gradually.
Afterwards, the specific contact resistance did not change when the stress current was decreased over time. The reason for this abnormal behavior of contact resistance is suggested in this letter. In addition, the electrical performances of different contact sizes are discussed. Figure 1 shows the schematic diagram of the novel test structure. HCl clean process before bonding process were investigated by an Autoprobe CP atomic force microscope (AFM). An HP 4156 Semiconductor Parameters Analyzer was used to ramp a current between 1 mA and 100 mA on the test structures.
4 Figure 2 shows the contact resistances of the bonded interconnects without pre-bonding HCl treatment when stress current was applied. The interconnects were bonded at 400 o C for 30 min followed by nitrogen anneal for 60 min, and their sizes are 5
µm. The stress current was ramped gradually from 1 mA to 100 mA at a rate of 1 mA/s then decreased gradually at the same rate. The measurement results show that the contact resistance is stable regardless of the applied current, both when the current was increased and decreased. In addition, it suggests that the microstructure of bonded interconnects does not change after stressing current and that the microstructure has already reached a final stable state prior to the current test. This behavior was also observed in the 7 and 10-µm-wide interconnects. However, for bonded interconnects with pre-bonding HCl treatment, an interesting phenomenon was observed in the contact resistance of some of the bonded interconnects when the stressing current was ramped gradually at the same rate.
Figures 3 (a), (b) and (c) show the contact resistances of bonded interconnects at the same ramping rate for wafers with 5, 7 and 10-µm-wide interconnects, respectively.
These interconnects were cleaned by HCl prior to bonding. An abnormal gradual contact resistance reduction was observed when the current was ramped from 1 mA to 100 mA. It is also observed that the contact resistance decreases and converges to a constant value at 5 high stress current. After reaching 100 mA, the stress current was decreased gradually back to 1mA. During the decrease of the stressing current, the contact resistance In order to explain the abnormal contact resistance reduction, the surface morphologies and roughness of Cu interconnects were investigated prior to bonding. HCl clean before bonding, respectively. A smooth and flat surface was observed in interconnects without HCl cleaning as shown in Fig. 4(a) . However, figure 4(b) shows that a rough surface with peaks and valleys was observed in interconnects with HCl cleaning. For instance, "A" area shows an abrupt peak and "B" area represents a generally rough area in Fig. 4(b) . AFM investigation also estimated that the surface RMS roughness of Cu interconnects without HCl clean was 1.15 nm while that with HCl clean was 1.55 nm. Therefore, from both the surface morphology observation and surface roughness estimation, Cu interconnects with HCl clean show the rougher surface. This is 6 because oxides formed on the copper surface depend on the original surface morphology.
It is reasonable to believe that the oxides on the surface may not be uniform and some oxides may even form along the grain boundaries and defect areas. Therefore, during the HCl clean, when the oxides were removed, rough morphologies in some areas was created.
A specific contact resistance smaller than 10 -8 Ω-cm 2 was measured for interconnects without HCl clean at this bonding condition. In addition, it is also suggested that the bonding morphology at the interface has already reached a steady state.
Therefore, the contact resistance remained in the same range of value while stressing current was being applied. However, for the bonded interconnect with HCl clean, the surface roughness is higher than that without HCl clean and especially there are high rough shapes such as peaks in some areas, which may hinder the bonding process.
Therefore, it is reasonable to assume that under this condition there are still defects after bonding and voids remain in the interface for some of the bonded interconnects, and these defects introduce a high value of the contact resistance.
When the bonded interconnects are stressed with electric current, Joule heating takes place. Since the amount of heat generation is proportional to the resistance, a high value of heat is generated in the region of the bonded interface area that has a high value 7 of contact resistance. Therefore, when the bonded interconnects were stressed with current gradually, the generated heat increased and the temperature near the bonded interface became high. At this stage, atoms including copper and other defects around the bonded interface will all have relatively high diffusivities. In order to relieve this high temperature and reach low system energy, the structures near the interface rearranged thus contributing to the decrease in resistance. This rearrangement process continued and the contact resistance keeps decreasing while the stressing current increases gradually.
This phenomenon can also be observed in some welding systems for large species joint 6 .
However, when the resistance reaches a value that is small enough and the heat generated around the interface cannot support further atomistic rearrangement, the contact resistance would stop decreasing and stay in a stable value. After a stable value of contact resistance was reached, the interface achieved a stable state. Therefore, the contact resistance did not change after further decreasing stress current.
From Figs. 3(a) , (b) and (c), it is observed that the stressing current needed to reach a stable state increases when the size of bonded interconnects increases. Since larger bonded interconnect sizes have smaller current density under the same stress current, a higher stress current is necessary to complete the rearrangement process. In addition, it is found that the final value of stable contact resistance decreases with increasing the 8 interconnect sizes. This is because under the same bonding condition, some interconnects with HCl clean may not complete the bonding process and may still have defects in the interface area. It has been shown that smaller bonded interconnects have higher specific contact resistance if the bonding state is not complete prior to the current test 5 .
Since a lower processing temperature is an important consideration for future device and materials processing [7] [8] , this improvement of electrical performance (contact resistance reduction) by high stressing current may be one option for quality enhancement of three-dimensional integration process at low temperature.
In conclusion, an electrical current stress was applied through the bonded copper interconnects. Stable contact resistance results were found in interconnects without pre-bonding HCl clean when stressing current is ramped. Abnormal contact resistance reductions were found in some bonded interconnects with pre-bonding HCl clean while the stressing current was ramped up gradually. Afterwards, the contact resistance of these interconnects stayed at a stable value even the stressing current was increased further.
The contact resistance reduction may be resulted from the high temperature heating of interface due to the high electrical current.
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